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Dedication ((optional)) 
Abstract: We present a simple, scalable, single-step and polar-
solvent-free synthesis of high quality colloidal CsPbX3 (X=Cl, Br and 
I) perovskite nanocrystals (NCs) with tunable halide ion composition 
and thickness by direct ultrasonication of the corresponding 
precursor solutions in the presence of organic capping molecules. 
High angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) reveals the atomically resolved cubic 
crystal structure and surface termination of the NCs. The NCs exhibit 
high photoluminescence quantum yields (PLQY), narrow emission 
line widths, and considerable air stability. In addition, we investigate 
the quantum size effect in CsPbBr3 and CsPbI3 nanoplatelets by 
tuning their thickness down to only 3-6 monolayers. The high quality 
of the prepared NCs (CsPbBr3) is demonstrated through amplified 
spontaneous emission with low thresholds. Furthermore, versatility 
of this synthesis approach is demonstrated by applying to different 
kinds of perovskite NCs. 
The outstanding optoelectronic properties of inexpensive and 
solution processable metal hybrid halide perovskites have 
brought them into the forefront of many research fields such as 
solar cells, light emitting diodes, photodetectors and lasers.[1]  
One of the main advantages of this material is the large and 
easy tunability of the optical bandgap through exchange of the 
individual components.[2] The success of this material led to the 
expansion into nanocrystals (NCs), first in the form of 
organic/inorganic hybrid perovskites,[1b, 3] and later also into 
purely inorganic cesium based NCs.[4] Nanocrystals exhibit high 
PLQY and they offer an inherent way to tune the optical 
properties due to size- and dimensionality- dependent quantum 
confinement.[5] Currently, only a limited number of synthetic 
methods are available for the preparation of CsPbX3 NCs as 
compared to conventional metal chalcogenide-based NCs. The 
most widely used method for the preparation of CsPbX3 
nanocubes with very high PLQY is based on high temperature 
hot injection, which was developed by Kovalenko and co-
workers in 2015 and refined by Alivisatos and co-workers to 
obtain nanoplatelets (NPLs).[6] However, the hot injection 
approach is tedious, it is generally performed under an inert 
atmosphere and can currently only be applied to thickness 
control of Br-based perovskites. Indeed, a halide ion exchange 
step is necessary to prepare nanoplatelets comprising iodide or 
chloride perovskites, as shown simultaneously by Manna and 
co-workers. [6-7] In addition, Sun et al.[8] reported shape control 
synthesis of CsPbBr3 NCs at room temperature. However, this 
method require the pre-synthesis of Cs-precursor under inert 
atmosphere at higher temperatures. Despite being simple, room 
temperature synthesis suffers with the production of NCs that 
exhibit relatively low PLQY NCs.[8]  Herein, we report a versatile, 
polar-solvent-free and single step approach for the large scale 
synthesis of highly luminescent CsPbX3 perovskite NCs and 
NPLs. We demonstrate that both the halide composition and the 
NPLs thickness is tunable by direct ultrasonication of the 
corresponding precursors in the presence of organic ligands 
(Figure1a). The ability to tune the thickness revealed the 
quantum size effects in CsPbX3 (X=Br and I) NPLs. This has 
enabled us to investigate the thickness dependent optical 
properties of CsPbI3 NPLs for the first time. 
As shown in Figure 1a, our synthesis of CsPbX3 (X=Cl, Br 
and I) perovskite NCs is based on direct tip sonication of 
corresponding precursor salts (Cs2CO3 and PbX2) together with 
capping ligands (oleylamine and oleic acid) in a nonpolar solvent 
(mineral oil or octadecene) under ambient atmospheric 
conditions. Previously such a sonication process has been used 
for the preparation of metal nanoparticles. This method takes the 
advantage of metal-ligand complex formation under 
ultrasonication, which then further reduce into metal 
nanoparticles. In the present system, sonication induces the 
formation of a Cs-oleate complex that is soluble in nonpolar 
solvents and reacts with PbX2 in the presence of oleylamine and 
oleic acid to obtain colloidal CsPbX3 NCs in a single pot directly 
from their precursors (Figure S1). Figure 1b shows the purified 
colloidal dispersions of CsPbX3 (X=Cl, Br, I, Cl/Br and Br/I) 
perovskite NCs in hexane under room light as well as UV light. 
The PL emission colour varies from blue to green to red as the 
composition of the precursors is varied from Cl to Br to I (Figure 
1b & S1). The synthesis is easily scaled up by multiplying each 
of the reaction components. The optical properties of the  
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Figure 1. (a) Schematic illustration of the synthesis of CsPbX3 NCs through single-step   tip-sonication. (b) Photograph of colloidal dispersions of CsPbX3 NCs 
with different halide (x=Cl, Br and I) compositions in hexane under room light (top) and UV light (bottom,= 367 nm).  (c) Corresponding UV-vis and PL spectra, 
and PLQYs of samples shown in (b).  (d) Scalable synthesis of NCs (scaled up to 10 times). Photograph of   CsPbBr3 and CsPbI3 colloidal dispersions under UV 
light. (e) PL decay dynamics of NCs shown in (b) (calculated ~2.5-34.5 ns).
 
colloidal dispersions obtained in this manner hardly differ from 
those of the original synthesis (Figure 1c and S2).  
UV-vis absorption and fluorescence spectroscopy was 
performed to quantify the observations of the color change upon 
varying the halide content (Figure 1c). The prepared dispersions 
exhibit narrow, single peak PL emission (FWHM~12-40 nm). 
The UV-vis spectra show a single, steep absorption onset, only 
slightly red shifted from the PL maximum. These observations 
clearly show that the dispersions only contain a single material 
and not NCs with varying halide content and that the optical 
band gap energy can be tuned nearly across the entire visible 
range (~410-700 nm) by adjusting the halide composition. 
Moreover, the samples with pure Br or I exhibit high PL quantum 
yields (QYs) over 90%, while the mixed halides CsPbBrxCl3-
x,with x≥ 2 had considerably lower PLQY of only 10-25% (Figure 
1c). Additionally, it was found that all colloidal dispersions except 
CsPbI3 appear to be stable for several methods with a slight 
reduction in their PLQYs (Figure S3 and Table S1). Whereas 
CsPbI3 NCs gradually transformed into non-fluorescent yellow 
phase after 2 months of storage under atmospheric conditions. 
Previously it has been shown that mixed halide 
organic/inorganic perovskite NCs exhibit phase separation under 
light illumination,[9] however these inorganic perovskite seems to 
be stable under continuous light excitation (Figure S4). Time-
resolved PL measurements of CsPbX3 NCs present 
multiexponential decay traces with average lifetimes in the range 
of 2.5-34.4 ns and with an inverse correlation between halide 
ions controlled bandgap and decay lifetime. Combining the PL 
decay time together with the PLQY values shows that while the 
iodide- and bromide-containing NCs are of high optical quality 
with nearly vanishing non-radiative decay, the NCs with high 
chloride content show significant non-radiative decay. The 
observed trend in the PLQYs and decay rates can be ascribed 
to intrinsic optical properties of halide perovskites.[2c] 
 Further proof of the high quality of the prepared 
nanocrystals can be seen by electron microscopy. Bright field 
transmission electron microscopy (BF-TEM) overview images of 
CsPbBr3 (Figure 2a) and CsPbI3 (Figure 2d) NCs show well-
defined cubic and rectangular shapes in projection (see Figure 
S5 for TEM images of mixed halide perovskite NCs). The 
average size range of the crystals are ~10-15 nm and ~8-12 nm 
for CsPbBr3 and CsPbI3, respectively. The prepared CsPbBr3 
NCs are rather monodisperse with an average size of 14.3±1.3 
nm, which is slightly higher than the NCs (~11 nm) obtained 
through hot injection method (Figure S6).[4f] By terminating the 
synthesis at specific reaction times and by acquiring TEM 
images of the CsPbBr3 NCs present in each solution, we find 
that the particle size gradually increases with reaction time, 
indicating a seeded growth (Figure S7). The crystal structure of 
the different NCs was investigated by HAADF-STEM imaging. In 
Figure 2b, an atomic resolution HAADF-STEM image of a 
CsPbBr3 NCs acquired along the [100] direction shows that the 
NC  is single crystalline and exhibits a cubic crystal structure 
with a lattice parameter of 5.9 Å (Figure 2c). The presence of Cs, 
Pb and Br in CsPbBr3 NC was confirmed by energy dispersive 
X-ray spectroscopy (EDX) mapping (Figure S8). Like their 
bromide counterparts, the CsPbI3 NCs were found to exhibit high 
crystallinity and a cubic crystal structure with a lattice spacing of 
6.3 Å (Figure 2e,f). It is well known that CsPbX3 NCs can 
crystallize in cubic, tetragonal and orthorhombic polymorphs of 
the perovskite crystal lattice. By analyzing the crystal structure of 
a significant number of particles using high resolution HAADF-
STEM, we found that all the NCs are single crystals and exhibit 
mostly the cubic perovskite phase regardless of morphology 
(Figure S9) or composition (Figure S10), further confirmed by  
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Figure 2 (a,d) BF-TEM overview images of CsPbBr3 and CsPbI3 NCs, respectively. (b,e) Atomically resolved high resolution HAADF-STEM image of a single 
CsPbBr3 and a CsPbI3 NC with (c,f) a more detailed view, respectively.  
 
XRD measurements performed on nanocrystalline thin films 
(Figure S11) and powders (Figure S12). Interestingly, from the 
detailed view of the HAADF-STEM image of the iodide NC in 
Figure 2f, we can suggest that the surface termination consists 
of Cs and I ions (Figure 2f & Figure S13). This provides some 
hints about the ligand binding mechanism, which so far has not 
been fully understood. Since the crystal terminates with Cs 
atoms, it is most likely that the NCs are passivated by Cs-bound 
alkyl chains, e.g. Cs-oleate (Figure S13).  
Interestingly, while varying the initial conditions of the synthesis, 
we found that we were able to change the fluorescence of the 
dispersions from a dark red to a bright orange for the case of 
CsPbI3 NCs. By reducing the ratio of Cs2CO3 to PbI2 we are able 
to blue-shift the resulting emission of the perovskite dispersions, 
with some of the dispersions displaying extremely broad PL 
spectra with multiple high energy emission peaks (Figure 3a). 
The newly emerging peaks do not shift position as the precursor 
ratio is changed, but rather their relative intensities change. In 
the extreme case, we are left with a single PL peak at 600 nm, 
constituting a nearly 100 nm shift from the original PL maximum 
at 685 nm. Additionally, in UV-Vis measurements we see a 
pronounced excitonic peak emerging, slightly redshifted from the 
respective PL maxima. To investigate the origin of this PL, we 
have recorded the TEM images the NCs of each sample 
(Figures 3b-e, cf. Figure S14). For the initial sample (1:3 
precursor ratio), we see the cubic-looking NCs with sizes of 10-
12 nm. As the Cs2CO3 content is reduced, we begin to see very 
thin structures together with cubic-shaped NCs. The lower the 
Cs content becomes, the larger the amount of these 
nanostructures is and the thickness becomes both thinner and 
less polydisperse. In the extreme case we find a nearly 
homogeneous distribution of nanocrystals of 10 x 2 nm size. 
These remind strongly of perovskite nanoplatelets (NPLs). 
Additionally, as the precursor ratio is varied, additional scattering 
peaks emerge at low angles in XRD measurements (Figure S14 
and tables 2-4), a strong indicator of 2D nanocrystal 
formation.[10] It has been demonstrated previously by two groups 
that CsPbBr3 NPLs with controlled thickness could be prepared 
by performing the NC growth at low temperatures.[4b, 11] In our 
method, it is most likely that the lower cesium content reduces 
the reaction rate and strongly favor 2D growth producing NPLs. 
To our knowledge, our work here constitutes the first report on 
the direct synthesis of highly fluorescent (~75% PLQY) CsPbI3 
NPLs with controlled thickness, enabling an understanding of 
the thickness-dependent excitonic properties of CsPbI3 NPLs for 
the first time. 
To validate the claim of NPLs as the source of the blue-
shifted PL, we plot the position of the individual PL maxima 
versus the projected thickness of the NPLs responsible and 
apply a theoretical model to compare to the experimental data. 
The lowest experimentally observed PL peak is ascribed to a 
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Figure 3. Tuning the optical properties by thickness control: UV-vis absorption and PL spectra of CsPbI3 NCs prepared with different ratios of Cs2CO3 to PbI2 
precursors (a) and corresponding TEM images (b-e). (f) Calculated and experimental bandgap energies of perovskite nanoplatelets as a function of number of 
unit cells of perovskite nanoplatelets. (g) PL dynamics of a mixture of CsPbI3 nanoplatelets of different thicknesses (prepared with Cs2CO3:PbI2 = 0.025:0.3 mmol) 
probed at their peak positions (max=600, 623, 647 and 685 nm)
three layers thick NPL, so with n = 3, as the ~2 nm from the 
TEM images are in excellent agreement with the expected 
thickness of 3 unit cells (~1.89 nm). Higher order peaks were 
then ascribed to incrementally thicker NPLs (Figure 3a, Figure 
S15). HAADF-STEM imaging of an intermediate sample 
displaying multiple emission peaks confirmed the presence of 
cubic phase single crystalline nanoplatelets (Figure S16, S17). 
The thickness of the platelets, which was found to vary from 4 to 
6 unit cells, was determined from high resolution HAADF-STEM 
images of standing platelets (Figure, S17). We note that the 
platelets are extremely sensitive to the electron beam and they 
tend to degrade and loose their crystallinity during acquisition 
(Figure S18). By high-resolution HAADF-STEM imaging we are 
able to identify the emerging spherical nanoparticles as lead 
particles (Figure S19), as seen previously for the organic 
inorganic perovskites.[5a]  For the bulk-like NCs we estimated the 
mean thickness to be 16 layer, corresponding to the roughly 10 
nm large NCs. An established theoretical model was used to 
calculate the expected PL positions (See Supporting Information 
for details).[5a] We find an extremely good agreement between 
the experimental results and our calculations (Figure 3f), 
showing that the NCs observed in the dispersions are in fact 
producing the observed fluorescence. Time-resolved PL 
measurements were performed on the NPL colloidal dispersions, 
which were diluted enough to prevent both non-radiative energy 
transfer and reabsorption of PL in the dispersion. Shown for the 
case of a sample with many PL peaks (0.025 mmol Cs2CO3), we 
probe the PL decay at the PL peaks corresponding to the NPLs 
of individual thicknesses using TCSPC coupled with 
monochrometor. We find that the traces show a multiexponential 
form with average lifetimes between 27 and 10 ns and 
decreasing with decreasing thickness of the nanoplatelets likely 
due to increase in exciton binding energy in the strongly 
confined nanostructures (Figure 3g). This behavior is similar to 
that seen in epitaxial GaAs quantum wells.[12] Additionally, we 
show that this synthesis process is applicable to the preparation 
of CsPbBr3 nanoplatelets (Figure S20). We obtain similar results 
with blue-shifted PL peaks emerging in the highly emissive 
dispersions. We are again able to correlate this emission to 
theoretical values, showing the thickness dependence. 
The high PL QY and large absorption cross-sections of the NCs 
suggests they should be promising for lasing applications with 
low thresholds for optical gain.[5h] To this end, we have 
investigated the emergence of amplified spontaneous emission 
(ASE) in films comprising CsPbBr3 NCs (Figure 4). Exciting the 
NCs at 400 nm with a femtosecond-pulsed laser, we see the 
normal PL signal at low fluences. At higher laser powers a new, 
narrow peak (full width half maximum, FWHM;3-7 nm) emerges 
on the low-energy shoulder of the PL peak, redshifted by about 
15-20 nm due to band gap renormalization, and rapidly 
increasing in intensity as the pump power is increased (Figure 
4a). By plotting the integrated intensity of the fluorescence 
versus the pump fluence, we see a clear threshold behavior with 
an onset for ASE at 2.1 µJ/cm² (Figure 4b). This is comparable 
to values reported for CsPbX3 NCs prepared by using hot- 
injection technique [5h] and lower than the values reported for 
surface-passivated CsPbBr3 NCs.[13] Our studies clearly 
demonstrate that these NCs are excellent candidates light-
emitting applications.  In an attempt to remove the lead, one of 
the remaining large challenges in the perovskite field,[14] we have 
applied this synthesis for the preparation of CsSnBr3 
nanocrystals, which were highly monodisperse, but proved to be 
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Figure 4. Pump-fluence dependent PL emission (evolution of ASE) 
from CsPbBr3 NC film (a) and corresponding emission intensity at 
530 nm (b), and FWHM (inset of b). All the spectra are obtained with 
400 nm femtosecond laser excitation.  
 
slightly unstable (Figure S21). Additionally, the versatility of this 
synthesis approach is further demonstrated by applying to the 
preparation of CH3NH3PbBr3 NCs (Figure S22).  
 In summary, we have presented a polar solvent-free and 
scalable single-step solution phase synthesis of highly 
luminescent CsPbX3 perovskite NCs with photoluminescence 
tunable across the visible spectrum (~400-700 nm). The cubic 
crystallinity and atomically precise surface termination of NCs 
are revealed by high resolution HAADF-STEM imaging. In 
addition, we have shown the quantum size effect in CsPbBr3 and 
CsPbI3 nanoplatelets. That fact that these NCs exhibit low 
threshold ASE is further proof of their high quality. Importantly, 
we have demonstrated that this simple synthesis approach can 
be extended, with all of the components replaceable.  
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